Biological treatment based on activated sludge is effi cient in municipal wastewater treatment. The removal of nitrogen compounds is crucial for sewage purifi cation. Due to the fact that ammonia is toxic for a water environment and causes eutrophication, ammonia oxidation is of the utmost importance in wastewater treatment. Observing the changeability of ammonia oxidizing bacteria (AOB) and identifying their most abundant species can be helpful in the optimization of wastewater treatment. In this study we used denaturing gradient gel electrophoresis (DGGE), combined with cloning and sequencing of 16S rRNA and AmoA gene fragments in order to estimate AOB biodiversity and temporal community changes. Activated sludge samples were collected from the municipal WWTP in Gliwice (Poland) at 2-week intervals. Ammonia concentration in the infl uent during the experiment was 30.2 57.6 mg N-NH 4 + /L. The research revealed a high diversity of uncultured bacteria. It is suspected that these bacteria could be involved in the nitrifi cation, which points to the fact that these bacteria might be effi cient in the process. However such a situation is not confi rmed and it requires further research. The appearance of Ferribacterium-like bacteria together with Nitrosomonas sp. as the most abundant bacteria was found.
Introduction
The removal of biogenic compounds from wastewater is crucial for its treatment. In particular, wastewater containing a high level of nitrogen compounds derived from different anthropogenic sources should be purifi ed before being directed to natural water systems in order to reach norm values. Such chemicals should be effectively removed due to the fact they are life threatening, especially in areas with a high degree of population density (Kowalchuk and Stephen, 2001 ). The organic nitrogen compounds that are directed to wastewater treatment plants undergo ammonifi cation in which ammonia is produced. In the next step ammonia is built up in biomass or it is converted to nitrate in the nitrifi cation process. Such processes are a part of the nitrogen cycle in the environment (Kelly et al., 2005) . These transformations of municipal wastewater are performed in biological wastewater treatment plants based on activated sludge a fl occulating mixture of Bacteria, Protozoa and Metazoa, which possesses biochemical features useful in sewage purifi cation.
Ammonia is toxic to a water environment and causes eutrophication; therefore its removal is of primary im-Vol. 55 ZIEMBI SKA, CIESIELSKI, and MIKSCH portance (Egli et al., 2003; Juretschko et al., 1998; Mobarry et al., 1996) . Ammonia removal consists of two steps: ammonia oxidation and nitrite oxidation, led by two phylogenetically different groups of bacteria: ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB) (Bock et al., 1992) . The fi rst step is known to be critical in ammonia conversion and this is a reason why knowledge of ammonia oxidizing bacteria ecology and physiology is necessary.
The studies of the composition and function of an AOB community in activated sludge as a mixture are carried out on the basis of molecular techniques. The most useful are methods that enable research without the necessity of previous pure culture isolation (Amann et al., 1995; Ward et al., 1992) . One such technique is denaturing gradient gel electrophoresis (DGGE) (Lerman et al., 1984; Muyzer et al., 1993 Muyzer et al., , 1998 .
The molecular markers used in the study were a 16S rRNA gene and an AmoA gene. The 16S rRNA gene possesses regions that are variable enough to be a good phylogenetic marker and regions changeless enough to help in bacterial identifi cation (Ludwig and Schleifer, 1999) . The AmoA gene codes the active site subunit of ammonia monooxygenase enzyme, and for several years, it has been used as an alternative AOB identifi cation and phylogeny marker . Although the usage of the AmoA gene as a molecular marker is increasing, in comparison with the 16S rRNA gene, this gene sequence s length and database are still not suffi cient in AOB analysis.
The aim of the study was to outline the AOB community diversity and changeability in activated sludge from a municipal wastewater treatment plant, together with identifi cation of the dominant AOB. The sequences obtained in the study enabled the analysis of the ammonia oxidizing bacteria phylogeny.
Materials and Methods
Analytical procedure. The wastewater treatment plant bioreactor in Gliwice (Poland), which contains activated sludge, was fed with municipal wastewater. Nitrogen compound concentrations were determined colorimetrically: ammonia with Nessler reagent, nitrite with alfanaftyloamine reagent and nitrate with dimethylphenol reagent.
Experiment procedure and activated sludge sample preparation. The experiment was carried out for 3 months. Activated sludge samples were taken from the reactor of the biological wastewater treatment plant in Gliwice (Poland). Activated sludge samples (volume of 10 ml) were collected at 2-week intervals, pelleted by centrifugation (5 000 g, 10 min, 4 C) and stored at 20 C. DNA extraction and PCR conditions. Total genomic DNA was extracted from 0.2 g of the activated sludge samples using a Fast DNA Spin Kit for Soil (MP Biomedicals LLC) according to the manufacturer s instructions. The amount of DNA was measured spectrophotometrically using a Biophotometer (Eppendorf) and stored at 20 C until PCR amplifi cation.
In this study nested-PCR for 16S rRNA gene amplification was used. The fi rst round of PCR was performed with CTO primers, which enabled a partial PCR amplifi cation of 16S rRNA bacterial gene belonging to ammonia oxidizing β-Proteobacteria (Kowalchuk et al., 1997) . The PCR was carried out in a total volume of 30 μl and the reaction mixture contained 0.25 μl of both CTO primers (5 pmol/μl, IBB PAN, Poland), 1.3 μl of dNTPs mixture (20 pmol/μl, Promega), 0.3 μl DNA Polymerase Delta 2 (1.5 U, DNA, Gdansk, Poland), 3 μl of 1 buffer containing 2 mM of MgCl 2 (DNA, Gdansk, Poland) and 0.2 μg DNA template, fi lled to 30 μl with sterile MiliQ water. The amplifi cation was performed using an Eppendorf thermal cycler as described previously by Kowalchuk et al. (1997) . The PCR product was used as a template in the second cycle of nested-PCR.
The second round of PCR was performed with 338F-GC and 518r primers, which amplifi ed a partial 16S rRNA gene of all the bacteria (Muyzer et al., 1993) . The PCR mixture was as mentioned above and PCR conditions were as described previously by Muyzer et al. (1993) .
Subunit A of the ammonia monooxygenase (AmoA) gene amplifi cation was performed using primers: Amo1-F-GC and Amo2R-TC (Rotthauwe et al., 1997; Stephen et al., 1996) . Primers used in the study are shown in Table 1 . The PCR was carried out in a total volume of 30 μl and the reaction mixture contained 0.25 μl of both primers (5 pmol/μl, IBB PAN, Poland), 1.3 μl of dNTPs mixture (20 pmol/μl, Promega), 0.3 μl DNA GoFlexi Polymerase (1.5 U, Promega), 6 μl of 1 buffer containing 2 mM of MgCl 2 (Promega) and 0.2 μg DNA template, fi lled to 30 μl with sterile MiliQ water. The amplifi cation was performed using an Eppendorf thermal cycler according to Hornek et al. (2006) . The PCR products were evaluated in agarose gel (0.8% w/vol agarose, Promega) in a 1 TBE buffer (Tris, boric acid, EDTA, pH=8.3), stained with ethidium bromide (0.5 μg/L) in MiliQ water and photographed under UV light.
Denaturing gradient gel electrophoresis conditions and DNA bands extraction. The DGGE of the PCR products obtained in reactions with 338f-GC and 518r and Amo1-F-GC and Amo2R-TC primers were performed using the Dcode Universal Mutation Detection System (BioRad). Polyacrylamide gel (8% for 16S rRNA gene, 6% for AmoA gene, 37 1 acrylamidebisacrylamide, Fluka) with a gradient of 30 60% denaturant was prepared according to the manufacturer s guidelines. The gel was run for 15 h at 55 V in a 1 TAE buffer (Tris, acetic acid, EDTA, pH=8.0) at a constant temperature of 60 C. The gel was stained with SYBR Gold (1 10,000, Invitrogen) in MiliQ water for 30 min and distained in MiliQ water for 40 min, then visualized under UV light and photographed using a Kodak 1D.
DNA bands well separated from a fi ngerprint were cut off the gel using a sterile blade and incubated for 3 h in MiliQ water. The samples were centrifuged (12,000 g, 1 min), supernatant was removed and DNA bands were incubated with 40 μl of MiliQ water at room temperature overnight.
PCR products cloning and sequencing. Before cloning AT endings were added to the PCR products by incubating a 25 μl reaction mixture with 1.5 U GoTaq Flexi Polymerase (Promega) for 15 min at 72 C. PCR products were cloned using a TOPO Cloning kit for Sequencing (Invitrogen) into pCR 4-TOPO vector according to the manufacturer s instruction and transformed into E. coli TOPO10 (Invitrogen). Ampicillin-resistant positive clones carrying PCR products were sequenced using a BigDye Terminator Cycle Sequencing Kit v.1.1 (Applied Biosystems). The electrophoresis was performed in an ABI Prism 377 (Applied Bioscience).
To identify the AOB most abundant in WWTP activated sludge samples, the dominant and best separated from the rest of the DGGE fi ngerprint bands were cut off, extracted from the gel, cloned and sequenced. DNA sequences of the bacterial 16S rRNA gene obtained in the procedure were compared with NCBI GenBank (National Center for Biotechnology Information) using BLAST (Basic Local Alignment Search Tool). The GenBank accession numbers for the sequences determined in this study are EU934908 EU934914 (16S rRNA gene sequences) and EU934915 EU934918 (AmoA gene sequences).
Numerical analysis of the DGGE fi ngerprints and dendrograms construction. The numerical analysis of DGGE fi ngerprints was performed using a Kodak 1D. Bacterial biodiversity was estimated on the basis of densitometric measurements and Shannon diversity index for the samples was calculated (Shannon and Weaver, 1963) .
The sequences obtained in the experiment were identifi ed by comparison with sequences in NCBI GenBank using BLAST. Phylogenetic analysis was performed using Clustal X (Multiple Sequence Alignment version 2.0.5) on the basis of the neighbor-joining method (Saitou and Nei, 1987) . 
Results

Ammonia removal effectiveness
The research was carried out at the WWTP in Gliwice (Poland). The activated sludge samples were collected in the period from April to June, at 2-week intervals. At the same time the concentration of nitrogen compounds was measured. The temperature inside the bioreactor increased gradually from the level of 11.2 C to 18.1 C. The difference in temperature at the beginning and at the end of the experiment was 6.9 C.
The concentration of ammonia was estimated at a level of 30.2 57.6 mg N-NH 4 + /L. Measurements of nitrite and nitrate concentrations were also performed. Figure 1 presents the values of nitrogen compounds concentration and ammonia oxidation effectiveness measured during the 3 months of the experiment. Due to the fact that the levels of nitrite concentrations in the effl uent were very low, they are not presented in the diagram. The average ammonia oxidation effectiveness was 99%.
Dominant ammonia oxidizers identifi cation
PCR products of a partial 16S rRNA gene and an AmoA gene of ammonia oxidizing bacteria were resolved by applying DGGE. The fi ngerprints of activated sludge samples for the 16S rRNA and AmoA genes are shown in Fig. 2 .
Diversity index estimation
In order to compare the diversity of the samples, the fi ngerprints obtained from DGGE separation of partial 16S rRNA gene fragments of ammonia oxidizers were analyzed numerically, using a Kodak 1D. Bacterial diversity was estimated on the basis of fi ngerprint densitometric measurements and the Shannon diversity index for the samples was calculated. Figure 3 shows the diversity of the nitrifi ers estimated on the basis of the 16S rRNA gene fragments in WWTP activated sludge samples. The values of Shannon index obtained for samples 1 to 7 were: 2.11, 2.05, 2.2, 2.18, 2.08, 2.09 and 1.91 respectively. 
AOB phylogenetic analysis
To draw out the evolutionary relationships among the ammonia oxidizers genes, phylogenetic trees on the basis of the 16S rRNA gene and AmoA gene partial sequences were constructed. Dendrograms were constructed in the Clustal W program, on the basis of the neighbor-joining algorithm. Figure 4 shows the phylogenetic relationships among 16S rRNA gene fragments and Fig. 5 presents the AmoA gene fragments of AOB sequences. In both dendrograms ammonia oxidizer sequence fragments obtained in the study, together with the known ammonia oxidizer sequence fragments of particular genes obtained from NCBI GenBank were used.
In the 16S rRNA gene dendrogram sequences 4.32, 4.13 and 5.33 created a common cluster and 2.5.15 and 6.31 appeared together in the other cluster in the dendrogram. Both of these clusters appeared to be the most similar to the Nitrosomonas oligotropha 16S rRNA gene sequence. The sequence of clone 1.19 was similar to the Nitrosomonas europea 16S rRNA gene sequence and clone 8.11 appeared together with the Nitrospira sp. 16S rRNA gene sequence in the created dendrogram. In the AmoA dendrogram clones BAZ1 BAZ4 created one cluster and appeared to be the most similar to the Nitrosomonas oligotropha AmoA sequence. The sequences accession numbers are shown in parentheses.
Discussion
Dominant AOB identifi cation and dendrograms analysis
The activated sludge samples were collected from a WWTP bioreactor at 2-week intervals from April to June. The concentration of ammonia in the infl uent was at a level of 30.2 57.6 mg N-NH 4 + /L. Ammonia removal was very high at a constant level of 99%.
The research was carried out using DGGE, which is known to be one of the most useful methods in monitoring a bacterial community. This technique enabled extraction of the dominant DNA bands from the fi ngerprint and identifi cation of the most abundant bacteria in the community. The study was focused on ammonia oxidizing bacteria and in the case of 16S rRNA gene amplifi cation, nested-design PCR was used. Such a PCR modifi cation increased the sensitivity of amplifi - The sequences of Nitrospira sp. was defi ned as an outgroup. The species whose sequences have been determined in this study are depicted in bold. Accession numbers of sequences are given in parentheses. The sequences of Nitrospira sp. was defi ned as an outgroup. The species whose sequences have been determined in this study are depicted in bold. Accession numbers of sequences are given in parentheses.
Vol. 55 ZIEMBI SKA, CIESIELSKI, and MIKSCH cation of a specifi c DNA region even in bacteria appearing in small amounts (Boon et al., 2001; Dar et al., 2005; Ward et al., 1997) . In this case CTO primers specifi c for the AOB 16S rRNA gene and 338F and 518R primers for 16S rRNA genes of all the bacteria were used.
It had been established previously that Nitrosomonas was one of the dominant ammonia oxidizing bacteria in the bioreactor. It was also suspected that this bacterium was responsible for effi cient nitrifi cation. Interestingly, the sequencing revealed bacteria that previously uncultured were present in abundance in the WWTP activated sludge samples. These clones (clones number 3.13, 4.32, and 5.33, bands c, d and e, respectively, Fig. 2A ), identifi ed as the most similar to N. oligotropha, are clustered together in the 16S rRNA gene fragment tree (Fig. 4) , which underlines their sequence similarity. Only clone 1.19 (band a, Fig. 2A ), was identifi ed as the closest to N. europea and it was located in the separated cluster of the dendrogram (Fig. 4) . This observation proved previous reports that such a group of bacteria might be responsible for effective nitrifi cation (Juretschko et al., 1998; Wagner et al., 2002) . It should be mentioned that the cluster of clones 5.5.15 and 6.31 (band b and f respectively, Fig.  2A ) was also related to the Nitrosomonas oligotropha cluster, but the differences in the sequences were high enough to locate them in a separate subgroup in the dendrogram. Interestingly both the Nitrosomonas cluster and the uncultured bacteria cluster were closely related to N. oligotropha, while clone 1.19 (band a, Fig.  2A ), also identifi ed as Nitrosomonas, was located closer to Nitrosomonas europea in the dendrogram. This topology underlined the diversity of the Nitrosomonas clones in the bioreactor biocenosis.
The bacterium identifi ed as the closest to Ferribacterium sp. was present as dominant in all samples (band g, Fig. 2A ). This wastewater treatment plant bioreactor is an open system, so it is highly possible that allochtonic bacteria easily drift into the system. Identifi cation of Ferribacterium-like bacteria in the WWTP system was probably caused by an ambiguous CTO primer sequence, leading to an amplifi cation of the 16S rRNA gene of bacteria possessing a similar sequence, which belong to the subclass of β-Proteobacteria, but are not necessarily ammonia-oxidizers. Such a situation can confi rm that there are no known primers that amplify only the AOB 16S rRNA gene (Purkhold et al., 2000) . The appearance of a Ferribacterium-like clone in activated sludge was confi rmed recently by Wittebolle et al. (2008) . Nonetheless there has been no research confi rming or excluding the nitrifi cation abilities of these bacteria. A study of the Ferribacterium limneticum strain CdA-1 carried out by Cummings et al. (1999) proved the ability of Fe (III) reduction linked with acetate oxidation. We suspect that ammonia can be an electron donor in Fe (III) reduction due to the constant presence of these bacteria in the WWTP bioreactor. Ferribacterium sp. is an obligate anaerobe, but this fact does not exclude the possibility of ammonia oxidation, because Nitrosomonas sp. is also known to be able to lead the nitrifi cation process in anaerobic conditions (Abeliovich and Vonshak, 1992) . Its high volume and the possibility of a niche existence of anaerobic bacteria probably caused anaerobic bacteria identifi cation in an aerated bioreactor.
Ammonia oxidation under anaerobic conditions could also suggest the possibility of an Anammox process (anaerobic ammonia oxidation). In this experiment no Anammox research was carried out; therefore it would be diffi cult to state clearly if we are dealing with Anammox in this system. A phylogenetic analysis of Ferribacterium sp. and Anammox bacteria belonging to Planctomycetes highlighted a large discrepancy between their 16S rRNA gene sequences.
All AmoA gene sequences obtained in the study created one cluster closely related to Nitrosomonas oligotropha (Fig. 5 ). This group of sequences appeared during the entire length of the experiment and this could suggest that phylogeny and identifi cation based on the AmoA gene sequence could lead to an underestimation of the AOB taking part in nitrifi cation. This limitation might be avoided in the future by using primers that amplify a longer gene fragment (Norton et al., 2002; Purkhold et al., 2003) .
AOB biodiversity
Shannon diversity index Biological diversity can be mathematically expressed as the Shannon diversity index (Shannon and Weaver, 1963) . The higher the index value is, the higher the diversity is (Boon et al., 2001) . In bacterial biocenosis the species biodiversity estimations are controversial due to problems with bacterial species defi nitions in microbial ecology (Mes, 2008) .
The Shannon diversity index of the activated sludge samples in the experiment were at levels of 1.9 2.2 and this seems to be relatively constant (Fig. 3) . This could be explained by the stabile experiment condi-tions, such as bioreactor aeration, pH and ammonia nitrogen concentration in the infl uent. Rapid species changeability was not observed, which might suggest that the gradual and slow ammonia nitrogen concentration did not have a signifi cant selective infl uence on the AOB community in this system. This can confi rm the statement that only a high ammonia nitrogen concentration in the bioreactor infl uent can have a high potential in AOB community modelling Webster et al., 2005) .
Temperature changes also did not have a signifi cant infl uence on AOB biodiversity, nor on the effectiveness of ammonia oxidation (Fig. 1) . It was stated previously that temperature has an infl uence on the diversity of ammonia oxidizers only when the changes are changeless for longer than 4 weeks Avrahami et al., 2002 . Additionally, the high bioreactor volume protected the activated sludge from rapid temperature changes.
Conclusions
This study demonstrated that nested-design PCR is helpful in specifi c DNA amplifi cation, but there is still a lack of primers perfectly matched to the 16S rRNA gene of AOB. This was confi rmed by the identifi cation of non-nitrifying bacteria in the activated sludge such as Ferribacterium sp. Nevertheless, their nitrifi cation ability was not excluded. Nitrosomonas sp. was present in abundance in the activated sludge, as well as a group of unknown and unidentifi ed bacteria; therefore it might be suspected that Nitrosomonas was not the most effective AOB in the community. Nevertheless, the participation of these unidentifi ed bacteria in the nitrifi cation process is not confi rmed and it requires further research. Temperature and low ammonia concentration in the infl uent did not have a signifi cant infl uence on bacterial biodiversity. The AOB diversity revealed by 16S rRNA gene sequence analysis was not confi rmed by the AmoA gene sequence study. It is possible that an analysis of a longer DNA fragment could be more helpful in ammonia oxidizer phylogeny and identifi cation research. There was a wide diversity of Nitrosomonas sp. clones in the system but DNA isolated from bands in the DGGE fi ngerprint at the same level in the gel did not necessarily belong to the same clone of the bacterium. That is the reason why careful interpretation of DGGE fi ngerprints is needed in future research.
